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Recent major advances in instrumentation are opening new avenues of investigation in materials
transmission electron microscopy (TEM). For decades, image resolution in TEM and scanning
TEM (STEM) has been limited by the 3™ order spherical aberration of the objective lens. In the
last eight years, multipole aberration correctors have been developed,' 2, and the first results are
starting to appear from instruments with sub-Angstrom spatial resolution.> * Energy resolution
in electron energy loss spectroscopy (EELS) has been limited by the energy spread of the
electron source. Now high energy electron monochromators are enabling spectroscopy with <0.2
eV energy resolution.>°

The capabilities of current or near-future TEMs and STEMs include: (1) imaging and chemical
analysis of impurities with single atom sensitivity; (2) imaging and spectroscopy of point
defects; (3) local valence-band spectroscopy; (4) 3D, nanometer-resolution imaging, and (5)
coherent scattering at 0.5-5 nm length scales which is revealing structural order in materials that
appear fully amorphous by other techniques.

The capability to image single atoms inside a crystalline material was first demonstrated using
high-angle annular dark field “Z-contrast” STEM on Sb dopants in Si.” Figure 1 is a Z-contrast
image of Sb-doped Si grown epitaxially on an undoped substrate. The atomic columns in the
substrate on the right are all the same intensity; some of the atomic columns in the doped
material on the left are brighter, indicating they contain at least one Sb atom through the sample
thickness. Statistical analysis of the bright column intensities of similar images reveals that
~85% of them contain only one Sb, proving single-atom sensitivity. Since that initial report,
single La impurity
atoms in CaTiO; have
been  detected by
EELS.® This points to
the tremendously
exciting possibility of
measuring the local
electronic environment
around single impurity
atoms. Monochromated
EELS has also proved
able to measure valence
to conduction band
transitions with
nanometer spatial
resolution, opening the
possibility of measuring ' ‘ »
the band structure of Sb-doged Si Undoped Si
individual nanostruct-
ures like quantum dots.” Figure 1: Z-contrast STEM image of Sb-doped Si grown epitaxially on
an undoped substrate. Most of the brighter atomic columns in the




Imaging and spectroscopy in the STEM have also recently demonstrated the capability to
characterize point defects. In SrTiOs, a combination of spatially resolved EELS at the Ti L- and
O K-edges EELS and strain-contrast low-angle annular dark-field imaging results in an estimated
sensitivity of 1-4 oxygen vacancies imaged with unit cell resolution.'” The O atomic columns in
SrtTiOs; and YBa,Cu3;O; have been imaged directly using aberration-corrected TEM.*
Comparison of low-angle strain contrast and high-angle Z-contrast images was used to
discriminate between various dopant-point defect complexes responsible for dopant electrical
deactivation in Si."

Aberration correction allows larger numerical apertures which move STEM imaging from the
realm of a pure 2D projection into 3D imaging by optical sectioning. Some preliminary results
have measured the height of metal catalysts on a a-C support, and suggest that single-atom
localization in 3D may be possible.’> STEM imaging on standard instruments has provided the
monotonic response of intensity with thickness necessary for nanometer resolution tomography
of crystalline materials.'

Finally, coherent scattering at nanometer spatial resolution is emerging as a powerful tool to
characterize local structure in amorphous materials. The pair distribution function of volumes as
small as 2 nm in diameter can be measured by deconvolution of the convergent probe,'* which
will have applications in determining the structure of thin amorphous reaction layers and
intergrannular films. Statistical analysis of spatial fluctuations in the diffracted intensity at the
nanoscale in the form of fluctuation transmission electron microscopy'® has revealed structural
order in amorphous semiconductors'® and metallic glass."’

Haider, S. Uhlemann, and E. Schwan, Nature 392, 768 (1998).

L. Krivanek, N. Dellby, and A. R. Lupini, Ultramicroscopy, 1 (1999).

E. Batson, N. Dellby, and O. L. Krivanek, Nature 418, 617 (2002).

L. Jia, M. Lentzen, and K. Urban, Science 299, 870 (2003).

C. Tiemeijer, Inst. Phys. Conf. Ser. 161, 191 (1999).

E. Batson, H. W. Mook, and P. Kruit, Inst. Phys. Conf. Ser. 165, 213 (2000).

M. Voyles, D. A. Muller, J. L. Grazul, et al., Nature 416, 826 (2002).

Varela, S. D. Findlay, A. R. Lupini, et al., Phys. Rev. Lett. 92, 095502 (2004).

Erni and N. D. Browning, Microsc. Microanal. 10 Suppl. 2 (2004).

A. Muller, N. Nakagawa, A. Ohtomo, et al., Nature 430, 657 (2004).

M. Voyles, D. J. Chadi, P. H. Citrin, et al., Phys. Rev. Lett. 91, 125505 (2003).

J. Pennycook, A. R. Lupini, A. Borisevich, et al., Microsc. Microanal. 10 Suppl. 2,
1172 (2004).

13 P. A. Midgley, M. Weyland, T. Yates, et al., Microsc. Microanal. 10 Suppl. 2 (2004).

W. E. McBride, D. J. H. Cockayne, and C. M. Goringe, Ultramicroscopy 76, 115 (1999).

13 M. M. J. Treacy and J. M. Gibson, Acta Cryst. A 52, 212 (1996).

1o J. M. Gibson and M. M. J. Treacy, Phys. Rev. Lett. 78, 1074 (1997).

W. G. Stratton, J. Hamann, J. H. Perepezko, et al., in Amorphous and Nanocrystalline

Metals, edited by R. Busch, T. C. Hufnagel, J. Eckert, A. Inoue, W. Johnson and A.

Yavari (Materials Research Society, Boston, 2004), Vol. 806, p. MM9.4 1.

O 0 N N R W N =

M
O
P
C
P
P
P
M
R
D
P
S



